Noise Correlations in a Coulomb Blockaded Quantum Dot 
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We report measurements of current noise auto- and cross-correlation in a tunable quantum dot 
with two or three leads. As the Coulomb blockade is lifted at finite source-drain bias, the auto- 
correlation evolves from super-Poissonian to sub-Poissonian in the two-lead case, and the cross- 
correlation evolves from positive to negative in the three-lead case, consistent with transport through 
multiple levels. Cross-correlations in the three-lead dot are found to be proportional to the noise in 
excess of the Poissonian value in the limit of weak output tunneling. 
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Considered individually, Coulomb repulsion and Fermi 
statistics both tend to smooth electron flow, thereby 
reducing shot noise below the uncorrelated Poissonian 
limit [J 0|. For similar reasons, Fermi statistics with- 
out interactions also induces a negative noise cross- 
correlation in multiterminal devices [l], 0, 0, Sj- ^ is 
therefore surprising that under certain conditions, the 
interplay between Fermi statistics and Coulomb interac- 
tion can lead to electron bunching, i.e., super-Poissonian 
auto-correlation and positive cross-correlation of elec- 
tronic noise. 

The specific conditions under which such positive noise 
correlations_caii arise has been the subject of numerous 
theoretical 




.1411 and experi- 
mental [14|, LU, ll6|, llZl, iJJl, llSl |2(A IM [iljlij] studies in the 
past few years. Super-Poissonian noise observed in MES- 
FETs 15 1, tunnel barriers [l6| and self-assembled stacked 



calized states 
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quantum dots 17 1 has been attributed to interacting lo- 



I15L l24| occurring naturally in these 
devices. In more controlled geometries, super-Poissonian 
noise has been associated with inelastic cotunneling § in 
a nanotube quantum dot [2fj| , and with dynamical chan- 
nel blockade 111. 1 1 21] in GaAs/AlGaAs quantum dots in 
the weak-tunneling [2ll ] and quantum Hall regimes [22| . 
Positive noise cross-correlation has been observed in a 
capacitively-coupled double dot 23| as well as in elec- 
tronic beam-splitters following either an inelastic volt- 
age probe [1,11, 0, H, Ell or a super-Poissonian noise 
source [HI . The predicted positive noise cross-correlation 
in a three-lead quantum dot [T3| has not been reported 
experimentally to our knowledge. 

This Letter describes measurement of current noise 
auto- and cross-correlation in a Coulomb-blockaded 
quantum dot configured to have either two or three leads. 
As a function of gate voltage and bias, regions of super- 
and sub-Poissonian noise, as well as positive and negative 
noise cross-correlation, are identified. Results are in good 
agreement with a multi-level sequential-tunneling model 
in which electron bunching arises from dynamical chan- 
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FIG. 1: (a) Micrograph of the device and equivalent circuit near 
2 MHz of the noise detection system (see text for equivalent circuit 
near dc). For the data in Figs. 1 and 2, the V\-V T constriction is 
closed and the dot is connected only to reservoirs and 1. (b, 
c) Differential conductance goi and current noise spectral density 
Si, respectively, as a function of Vo and Vbc- (d) Si versus |/i| 
data (circles) and multi-level simulation (solid curves) along the 
four cuts indicated in (b) and (c) with corresponding colors. Black 
solid (dashed) line indicates Si = 2e|ii| (Si = le|ii|). (e) Data 
(diamonds) and multi-level simulation (solid curves) of the modified 
Fano factor T along the same cuts as taken in (d). Inset: detail of 
T at high |V |- 
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nel blockade ll|, [l2| . For weak-tunneling output leads, 



noise cross-correlation in the three-lead configuration is 
found to be proportional to the deviation of the auto- 
correlation from the Poissonian value (either positive or 
negative) similar to the relation found in electronic Han- 
bury Brown-Twiss (HBT)-type experiments 0, 0, EH- 

The quantum dot is defined by gates on the surface of a 
GaAs/Al .3Ga .7As heterostructure [Fig. 1(a)]. The two- 
dimensional electron gas 100 nm below the surface has 
density 2 x 10 11 cm -2 and mobility 2 x 10 5 cm 2 /Vs. Leads 
formed by gate pairs Vi-Vbi, K-Vbr, and V\-V t connect the 
dot to three reservoirs labeled 0, 1, and 2, respectively. 
Plunger gate voltage Vb c controls the electron number in 
the dot, which we estimate to be ~ 100. The constriction 
formed by Vt\-V\ is closed. 

A 3 He cryostat is configured to allow simultaneous con- 
ductance measurement near dc and noise measurement 
near 2 MHz (25|. For dc measurements, the three reser- 
voirs are each connected to a voltage amplifier, a current 
source, and a resistor to ground (r = 5 kO). The re- 
sistor r converts the current I a out of reservoir a to a 
voltage signal measured by the voltage amplifier; it also 
converts the current from the current source to a volt- 
age excitation V a applied at reservoir a. The nine raw 
differential conductance matrix elements g a p = dip / dV a 
are measured simultaneously with lock-in excitations of 
20 /xV rms at 44, 20 and 36 Hz on reservoirs 0, 1 and 2, 
respectively. Subtracting r from the matrix g yields the 
intrinsic conductance matrix g = [E+rg] -1 g, where E is 
the identity matrix. Ohmic contact resistances (~ 10 3 il) 
are small compared to dot resistances (> 10 5 f2), and are 
neglected in the analysis. Values for the currents I a with 
bias Vq applied to reservoir are obtained by numerically 
integrating g 0a . 

Fluctuations in currents I\ and I2 are extracted 
from voltage fluctuations around 2 MHz across separate 
resistor-inductor-capacitor (RLC) resonators [Fig. 1(a)]. 
Power spectral densities Svi,2 and cross-spectral den- 
sity SV12 °f these voltage fluctuations [25| are averaged 
over 20 s, except where noted. Following the calibra- 
tion of amplifier gains and electron temperature T e using 
noise thermometry 25], the dot's intrinsic current noise 
power spectral densities Si$ and cross spectral density 
S12 are extracted by taking into account the feedback [7[ 
and thermal noise from the finite-impedance external cir- 
cuit m. 

Figure 1(b) shows conductance <?oi as a function of 
Vbc and Vo in a two-lead configuration, i.e., with the 
Vi-Vr constriction closed. The characteristic Coulomb 
blockade (CB) diamond structure yields a charging en- 
ergy Ec = 0.8 meV and lever-arm for the plunger gate 
r;bc = Aed/(eAVbc) = 0.069, where Ed is the dot energy. 
The diamond tilt ?7bc/(l/2 — 770) gives the lever- arm for 
reservoir 0: ijo = Aed/(eAVo) = 0.3. As shown in Fig. 
1(d), current noise Si along selected cuts close to the 
zero-bias CB peak (red, orange cuts) is below the Pois- 



sonian value 2e|/i| at all biases while cuts that pass 
inside the CB diamond (green, blue cuts) exceed 2e|/i| at 
low currents, then drop below 2e|ii| at high currents. At 
finite T e , the current noise Sf — 2eli coth(eVb/2fcBT c ) 
of an ideal Poissonian noise source at bias Vo may ex- 
ceed 2e\Ii\ due to the thermal (Johnson) noise contri- 
bution [9|]. Accordingly, we define a modified Fano fac- 
tor T = Si/Sf . Figure 1(e) shows regions of super- 
Poissonian noise, T > 1, when the green and blue cuts 
are within the CB diamond. For all cuts, T approaches 
1/2 at large bias. 

Current noise can also be identified as sub- or super- 
Poissonian from the excess Poissonian noise Sf p = Si — 
Sf being negative or positive, respectively. Unlike T ', 
Sf F does not have divergent error bars inside the CB di- 
amond, where currents vanish. As shown in Fig. 2(a), in 
regions where both Ii and Si vanish, Sf p also vanishes. 
Far outside the CB diamonds, Sf p is negative, indicat- 
ing sub-Poissonian noise. However, Sf F becomes positive 
along the diamond edges, indicating super-Poissonian 
noise in these regions. 

We next compare our experimental results to single- 
level and multi-level sequential-tunneling models of CB 
transport. The single-level model yields exact expres- 
sions for average current and noise [l|, [l]J |27|: h = 
(e// l )/d £7 o7i(/i-/o)/[(7i+7o) 2 /4+(£-^) 2 ], Si = 
(2e 2 /h)fde{jh 2 i ■ [foil - fo) + - A)] + 7o7i[(7i - 
7o) 2 /4 + (s - e d f] ■ [/ (1 - fi) + fi(l /o)]}/[(7i + 
7o) 2 /4 + (e — £d) 2 ] 2 , where 70(1) is the tunneling rate 
to reservoir 0(1) and /o(i) is the Fermi function in reser- 
voir 0(1). The dot energy Sd is controlled by gate and 
bias voltages: Ed — — eVb c ?/bc — eVb?7o ~ eVi?7i + const. 
For the multi-level sequential-tunneling model, a master 
equation is used to calculate current and noise, following 



Refs. (Ill |12| . |28j . To model transport, we assume sim- 



ple filling of orbital levels and consider transitions to and 
from A^-electron states that differ in the occupation of at 
most n levels above (indexed 1 through n) and m levels 
below (indexed —1 through — m) the highest occupied 
level in the (Af + l)-electron ground state (level 0) [291 ]. 

Super-Poissonian noise in the multi-level model arises 
from dynamical channel blockade 11, T3], illustrated in 



the diagrams in Fig. 2. Consider, for example, the en- 
ergy levels and transport processes shown in the green- 
framed diagram, which corresponds to the location of 
the green dot on the lower-right edge in Fig. 2(c). Along 
that edge, the transport involves transitions between the 
A-electron ground state and (N + l)-electron ground 
or excited states. When an electron occupies level 0, 
it will have a relatively long lifetime, as tunneling out 
is suppressed by the finite electron occupation in reser- 
voir 1 at that energy. During this time, transport is 
blocked since the large charging energy prevents more 
than one non-negative-indexed level from being occu- 
pied at a time. This blockade happens dynamically dur- 
ing transport, leading to electron bunching and thus to 
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FIG. 2: (a) Excess Poissonian noise S± p as a function of Vq and 
Vbc- Red (blue) regions indicate super(sub)-Poissonian noise, (b, 
c) Single-level (S.L.) and multi-level (M.L.) simulation of S 1 ] 315 , re- 
spectively, corresponding to the data region enclosed by the white 
dashed parallelogram in (a). At the four colored dots superimposed 
on (c), where is most positive, energy diagrams are illustrated 
in the correspondingly colored frames at the bottom. In these dia- 
grams, black (white) arrows indicate electron (hole) transport; the 
greyscale color in the reservoirs and inside the circles on each level 
indicates electron population, the darker the higher. 
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FIG. 3: (a) The device in the three-lead configuration, in which 
the data for this figure and for Fig. 4 are taken, (b) S12, integrated 
for 200 s, and —ik^T c g\2 over a CB peak at zero bias. Left and 
right axes are in different units but both apply to the data, (c) S12 
as a function of Vq and Vbc- Red (blue) regions indicate positive 
(negative) cross-correlation, (d, e) Single-level (S.L.) and multi- 
level (M.L.) simulation of S12, respectively, corresponding to the 
data region enclosed by the white dashed parallelogram in (c). 



super-Poissonian noise. At the location of the pink dot 
on the lower-left edge in Fig. 2(c), the transport involves 
transitions between the (iV+l)-electron ground state and 
TV-electron ground or excited states; a similar dynami- 
cal blockade occurs in a complementary hole transport 
picture. The hole transport through level is slowed 
down by the finite hole occupation in reservoir 0, modu- 
lating the hole transport through negative- indexed levels, 
thus leading to hole bunching and super-Poissonian noise. 
Transport at the blue (orange) dot is similar to transport 
at the green (pink) dot, but with the chemical poten- 
tials in reservoirs and 1 swapped. Both experimen- 
tally and in the multi-level simulation, Sf p is stronger 
along electron edges than along hole edges. This is due 
to the energy dependence of the tunneling rates: since 
the positive-indexed electron levels have higher tunnel- 
ing rates than the negative-index hole levels, the dynam- 
ical modulation due to electron transport is stronger for 



electrons than for holes. 

We next investigate the three-lead configuration, ob- 
tained by opening lead 2 [Fig. 3(a)]. At zero bias, thermal 
noise cross-correlation is found to be in good agreement 
with the theoretical value [3(|, = — 4/cbT (?i2, as seen 
in Fig. 3(b). To minimize this thermal contribution to 
$12, output leads are subsequently tuned to weaker tun- 
neling than the input lead (goi ~ 502 ~ ^912), for reasons 
discussed below. Note that as a function of Vt, c and Vq, 
S X2 [Fig. 3(c)] looks similar to Sf p [Fig. 2(a)] in the two- 
lead configuration. 

Both the single-level and multi-level models can be ex- 
Figures 3(d) 
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tended to include the third lead [lj 
and 3(e) show the single- level and multi-level simula- 
tions of Si 2, respectively. Similar to the two- lead case, 
only the multi-level model reproduces the positive cross- 
correlation along the diamond edges. 

To further investigate the relationship between noise 
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FIG. 4: (a) S12 (green) and S EP /4 (blue) as a function of Vbc a * 
Vo = +0.5 mV (green horizontal line in Fig. 3(c)). (b) Parametric 
plot of 5i2 (green circles) versus S EP for the same data as in (a). 
The solid black line has a slope of 1/4, the value expected for a 
50/50 beam-splitter. 



auto- and cross-correlation, we compare S\% to the to- 
tal excess Poissonian noise, 5 EP = S\ + S2 + 2Si 2 — 
2e(Ii+I 2 ) cotli(eVo/2fcBT' ), measured in the same three- 
lead configuration. Figure 4 shows 5 EP and S12, mea- 
sured at fixed bias Vb = +0.5 mV. The observed propor- 
tionality 5i2 ~ 5' EP /4 is reminiscent of electronic HBT- 
type experiments 0, 0, EH > where noise cross-correlation 
following a beam-splitter was found to be proportional 
to the total output current noise in excess of the Pois- 
sonian value, with a ratio of 1/4 for a 50/50 beam- 
splitter. In simulation, we find that this HBT-like re- 
lationship holds in the limit got ~ .902 3> 312 (recall that 
5oi ~ ffo2 ~ 4gr 12 in the experiment); on the other hand, 
when got ~ S02 ~ 5i2i thermal noise gives a negative 
contribution that lowers Sx2 below 5 EP /4, as we have 
also observed experimentally (not shown). The implica- 
tions are that first, with weak tunneling output leads, 
the three-lead dot behaves as a two-lead dot followed by 
an ideal beam-splitter, and second, the dynamical chan- 
nel blockade that leads to super-Poissonian noise in the 
two-lead dot also gives rise to positive cross-correlation 
in the three- lead dot. 
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Si = afiSvi + ci2iSv2 + 2ana2iSVi2 — 4knT e /R 
£2 = a\ 2 Svi + a\ 2 Sv2 + 2ai 2 a22<SVi2 — 4fc B T c /i? 

<Sl2 = <2ll<il2>5Vl + a21<Z22iSV2 + ((Z11CI22 + <ll202l)iS'v"12, 



where a 11{2 2) = 1/-R - #11(22), «i2(2i) = -#12(21) and R 
is the RLC resonator parallel resistance. 
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[29] For computational reasons, we limit the calculation to 
n = m = 3. For simplicity, we assume equal level 
spacings, symmetric tunnel barriers, and an exponen- 
tial dependence of the tunneling rates on level energy: 
Ae l = e l d - e { \ = I x 6 and 70 = 7i = F exp^Ae'), where 
I — —3, 0, 3 is the level index, e l d is the energy of 
level I, and 7o(i) is the tunneling rate from level I to 
reservoir 0(1). We chose S = 150 /ieV, T = 15 GHz and 
k = 0.001 (^eV) -1 to fit the data in Figs. 1(d) and 1(e). 

[30] At zero bias, the fluctuation-dissipation theorem requires 
<Si2 = — 2fcBT c ((/i2 +921), but g\2 — 921 at zero bias and 
zero magnetic field. However, the fact that gi 2 7^ (/21 at 
finite bias, observed experimentally, requires knowledge 
of the full conductance matrix to properly extract Si,2 
and S12 El. 



